Epithelial cell adhesion molecule (EpCAM) is a glycoprotein on the surface of epithelial cells that is essential for intestinal epithelial integrity and expressed at high levels in many epithelial derived cancers and circulating tumor cells. Here we show the effect of EpCAM levels on migration of Madin-Darby-Canine Kidney (MDCK) epithelial cells. MDCK cells depleted of EpCAM show increased activation of extracellular signal-regulated kinase (ERK) and of myosin, and increased cell spreading and epithelial sheet migration into a gap. In contrast, over-expression of EpCAM inhibits ERK and myosin activation, and slows epithelial sheet migration. Loss of EpCAM is rescued by EpCAM-YFP mutated in the extracellular domain required for cis-dimerization whereas EpCAM-YFP with a mutation that inhibits Claudin-7 interaction cannot rescue increased ERK, myosin activation, and increased migration in EpCAM-depleted cells. In summary, these results indicate that interaction of EpCAM and Claudin-7 at the cell surface negatively regulates epithelial migration by inhibiting ERK and actomyosin contractility.
Introduction
Epithelial cell adhesion molecule (EpCAM) is a glycoprotein on the surface of epithelial cells that has been described to mediate cell-cell adhesion by homophilic interaction [1] [2] [3] [4] . The structure of the extracellular domain of EpCAM shows a cis-dimer that may interact in trans with another EpCAM cis-dimer on a neighboring cell surface [5] . Although EpCAM dimers have been detected in cell lysates, only a small portion of cellular EpCAM seems to be dimerized [6] . Compared to a strong epithelial cell adhesion molecule such as E-cadherin, homophilic adhesion mediated by EpCAM is weak [1, 2] . Even so, EpCAM is essential for intestinal epithelial integrity in mice and humans [7] [8] [9] [10] . In humans, mutations in EpCAM cause congenital tufting enteropathy (CTE), a disease which is associated with loss of tight junction protein Claudin-7 and increased actomyosin contractility at epithelial cell-cell junctions leading to the disruption of intestinal epithelial integrity [9] [10] [11] . EpCAM has key signaling functions during embryonic development [12] [13] [14] and is expressed at high levels in epithelial derived PLOS ONE | https://doi.org/10.1371/journal.pone.0204957 October 10, 2018 1 / 24 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
cancers and circulating tumor cells [15] [16] [17] [18] [19] . However, its roles in epithelial homoeostasis and cancer progression are poorly understood. EpCAM may contribute indirectly to epithelial adhesion by regulating other adhesion systems [2, 8, 13, 20, 21] . Notably, EpCAM interacts with tight junction protein Claudin-7 and stabilizes Claudin-7 at the surface of epithelial cells [6, [22] [23] [24] . Loss of EpCAM leads to loss of Claudin-7 from intestinal epithelial cells in mice and to defective tight junctions [8, 24] . During Xenopus laevis embryonic development, loss of EpCAM causes increased actomyosin contractility which destabilizes C-cadherin at cell-cell adhesion sites [13] .
In X. laevis embryos, EpCAM regulates actomyosin contractility by inhibiting novel protein kinase C (nPKC) activity at the membrane, thereby attenuating activation of extracellular signal-regulated kinase ERK and phosphorylation of non-muscle myosin regulatory light chain [13, 25] . EpCAM cytoplasmic domain is required for inhibition of nPKC but its extracellular domain is not, indicating that EpCAM-mediated adhesion is not important for this regulation [13, 25] . In epithelial sheets of human enterocytes, loss of EpCAM results in increased actomyosin contractile forces at tricellular contacts which causes pathological tuft formation in CTE [11] .
Actomyosin contractility is required for epithelial sheet migration [26] . Recent evidence suggests that EpCAM attenuates ERK signaling in mammalian epithelial cells, thereby slowing epithelial migration, but EpCAM-dependent changes in phospho-myosin levels in cortical Factin were not investigated during migration [27] . Since epithelial cell-cell junctions are linked to cortical F-actin [28] , and Claudin-7 localizes to tight junctions while also being distributed along the basolateral membrane of epithelial cells [29] , the question arises whether EpCAM interaction with Claudin-7 is required to inhibit epithelial migration. Here we investigated whether EpCAM regulates phospho-myosin levels in cortical F-actin during epithelial migration and whether EpCAM interaction with Claudin-7 is required for EpCAM's function in signaling and epithelial migration.
Results

EpCAM regulates epithelial sheet migration
MDCK epithelial cells depleted of EpCAM with two different small hairpin (sh) RNAs (Esh1 and Esh2, Fig 1A) show increased cell spreading on substrate compared to parental MDCK cells or MDCK cells expressing a control shRNA (Fig 1B) . This morphology is consistent with a more migratory phenotype [30] . Accordingly, EpCAM-depleted epithelial sheets migrate faster into a gap ( Fig 1C, S1 and S2 Movies). A similar effect of EpCAM loss of function on migration has been observed in other epithelial cells [27] .
To test whether increased levels of EpCAM would have the opposite effects on morphology and migration, we expressed human EpCAM in MDCK cells (Fig 2A) . Two independent MDCK cell lines expressing human EpCAM (MhE16 and MhE33) show decreased cell spreading on substrate compared to parental MDCK cells (Fig 2B) . Epithelial sheets with increased levels of EpCAM migrate slower into a gap than parental MDCK cells (Fig 2C, S3 and S4 Movies). (Fig 3B) compared to parental MDCK cells or a cell line expressing control shRNA (ctrl sh). ERK activity is upregulated by hepatocyte growth factor (HGF)/scatter factor which stimulates MDCK migration [30] . To test whether EpCAM inhibits ERK activation in response to HGF, parental MDCK cells and MhE lines overexpressing EpCAM were serum-starved for two hours (S1 Fig 
MDCK cell line Esh2 depleted of EpCAM
EpCAM regulates phospho-myosin accumulation in cortical F-actin and formation of phospho-myosin-rich leader cells
ERK activity promotes phosphorylation of non-muscle myosin regulatory light chain (MLC) [13, 33] which is required for myosin localization to F-actin and actomyosin contractility [34, 35] . In Xenopus laevis embryos loss of EpCAM function leads to increased ERK activity and increased levels of phospho-myosin [13] . To test whether EpCAM decreases phosphomyosin levels in MDCK cells, we analyzed phospho-myosin accumulation in cortical F-actin by immunofluorescence (Fig 4) . The level of phospho-myosin in cortical F-actin is increased in low density cultures of MDCK cells depleted of EpCAM (Esh2 in Fig 4A-4C ) and decreased in MDCK cells overexpressing EpCAM (MhE16 and MhE33 in Fig 4A-4C ; examples of smaller colonies are given in S2 Fig) . Compared to control MDCK cell colonies, EpCAM-overexpressing MhE16 and MhE33 cell are compact (Fig 4A and 4B ; see also Fig 2B) , have less phospho-myosin in cortical F-actin at the colony's edge (arrows in Fig 4A and 4B ) and show less enrichment of phospho-myosin in multicellular junctions inside of the colonies (arrowheads in Fig 4A and 4B) . The combined phospho-myosin/F-actin ratio of cortical areas between cells and at the colony edge is significantly reduced in the EpCAM-overexpressing cell line MhE16 compared to parental MDCK cells (Fig 4C) . Compared to control MDCK and ctrl-shRNA-expressing cell colonies, EpCAM-depleted Esh2 cell colonies are spread out and their cortical F-actin is enriched for phospho-myosin (arrows in Fig 4A and 4B ; phospho-myosin /F-actin ratio in cortical F-actin in Fig 4C, see also Fig 1B and S1 Fig) . Multicellular junctions inside EpCAM-depleted colonies are especially enriched for phospho-myosin compared to multicellular junctions inside colonies of control lines or EpCAM-overexpressing lines (arrowheads in Fig 4A and 4B) . EpCAM-depleted cultures have gaps at phospho-myosin-rich multicellular junctions (arrowheads in Fig 4B: Esh2) , indicating loss of cell-cell adhesion caused by increased actomyosin contractility.
In migration assays with high cell density epithelial sheets, leader cells provide cues to the monolayer leading it into a gap (arrows in Fig 4D) [36, 37] . The number of phospho-myosinrich leader cells formed at 6 hours of migration is strongly reduced in EpCAM-overexpressing cells and increased in EpCAM-depleted cells (Fig 4E) . The combined length of all lamellipodia, including leader cell lamellipodia (arrows in Fig 4D) compared to total length of the epithelial sheet border is reduced in EpCAM-overexpressing lines and increased in EpCAM-depleted lines (Fig 4F) .
EpCAM regulates Claudin-7 levels and localization in kidney epithelial cells
Loss of EpCAM causes loss of Claudin-7 from the intestinal epithelium which is associated with congenital tufting enteropathy and loss of intestinal epithelial integrity in mice and humans [8, 9] . Therefore, we analyzed whether Claudin-7 protein levels are regulated by EpCAM protein in MDCK epithelial cells (Fig 5) . In EpCAM-depleted MDCK cells Claudin-7 levels are significantly reduced to one-fifth of their level in control shRNA cells (Fig 5A) and in MDCK cells overexpressing EpCAM Claudin-7 protein levels are slightly increased to approximately twice the amount compared to parental MDCK cells (Fig 5B) .
Confocal imaging of EpCAM shows localization to the basolateral membrane (Fig 5C: MDCK and MhE16). For the EpCAM overexpressing line, there is also a small amount of EpCAM present on the apical surface of the membrane (Fig 5C: MhE16 z-projection) . Both wild-type and overexpressing lines show colocalization of Claudin-7 with EpCAM to the basolateral membrane. However in EpCAM-depleted MDCK lines, Claudin-7 no longer localizes along the basolateral membrane (Fig 5C: Esh2) , and instead is restricted to the tight-junctions (S3 and S4 Figs).
Loss of EpCAM also causes reductions in the levels of other Claudins, such Claudin-1-2, -3, -7 and -15 [8, 24] . Interaction of these other Claudins with EpCAM may be indirect, as has been shown for the association of Claudin-1 with EpCAM which requires Claudin-7 [24] . In MDCK cells depleted of EpCAM, we observed only a slight reduction in Claudin-1 protein level (S5A Fig) whereas Claudin-3 protein level is significantly reduced ( S5B Fig). To analyze whether other junctional proteins are affected, we tested E-cadherin protein levels in EpCAMdepleted and EpCAM-overexpressing MDCK cell lines (S6 Fig) . Overall E-cadherin protein levels were only slightly affected but, in contrast to Claudins, E-cadherin levels were slightly increased in EpCAM-depleted MDCK cells (S6A Fig) and slightly decreased in EpCAM-overexpressing MDCK cells (S6B Fig) . In summary, these results indicate that EpCAM is required to maintain Claudin levels but is not required to maintain E-cadherin levels in MDCK cells. , and Claudin-7 (red). In the MDCK and MhE16 lines, both EpCAM and Claudin-7 localize along basolateral membrane. In the Esh2 line, Claudin-7 does not distribute throughout the basolateral membrane, and EpCAM staining is very weak. In Esh2 line, greater contrast was applied post-processing for clarity. Nuclear signal in EpCAM channel in Esh2 is due to residual mCherry signal in the nucleus post methanol fixation. Scale bar is 10μm.
https://doi.org/10.1371/journal.pone.0204957.g005 
Rescue of Claudin-7 levels and localization in EpCAM-depleted cells by expression of EpCAM-YFP mutant proteins
Expression of EpCAM fused to Yellow fluorescent protein (YFP) at its C-terminus (Fig 6A and 6B: EY) in an MDCK cell line depleted of EpCAM ( Fig 6C and 6D : Esh) rescues Claudin-7 protein levels in these cells ( Fig 6C and 6D : Esh+EY) and also rescues Claudin-7 localization along the basolateral membrane (Fig 7: EY). EpCAM interaction with Claudin-7 depends on two amino acids-alanine and glycine-in an AxxxG motif in the transmembrane domain of EpCAM [6] . To inhibit interaction with Claudin-7, these amino acids were mutated to isoleucine in EpCAM-YFP "EIY" (Fig 6A) . EIY protein localizes to the cell surface ( Fig 6B) and rescues Claudin-7 protein levels in EpCAM-depleted MDCK cells (Fig 6C and 6D) . However, EIY protein does not co-immunoprecipitate with Claudin-7 from cell lysates (Fig 6E) , indicating that this mutant protein indeed cannot directly interact with Claudin-7 ( Fig 6E) [6] . Confocal imaging shows that EIY protein localizes normally to the basolateral membrane, with a small level of expression on the apical surface. Furthermore, basolateral localization of Claudin-7 is rescued (Fig 7: EIY). These results indicate that direct protein-interaction of EpCAM and Claudin-7 is not required for regulation of Claudin-7 protein levels or for Claudin-7 localization to the basolateral membrane.
EpCAM interaction with Claudin-7 is inhibited by EpCAM dimerization and by cleavage of EpCAM by membrane-anchored serine protease matriptase [6, 23] . Both dimerization and cleavage by matriptase depend on arginines R80 and R81 in the thyroglobulin type-1A (TY) domain of EpCAM [5, 23] . The region around R80 and R81 forms a loop that protrudes from the otherwise compactly folded extracellular EpCAM domain [5] , making it suitable for mutation without disrupting folding of the rest of the extracellular domain. To inhibit cis-dimerization and cleavage by matriptase, R80 and R81 were changed to E80 and E81 in EpCAM-YFP (Fig 6A: EEY) and EEY protein was expressed in EpCAM-depleted MDCK cells (Fig 6C and 6D: Esh+EEY) . EEY localizes to the cell surface (Fig 6B) , is very efficient in rescuing Claudin-7 protein levels in EpCAM-depleted MDCK cells ( Fig 6C and 6D : Esh+EEY), and directly interacts with Claudin-7 ( Fig 6E) . Confocal imaging shows that EEY protein localizes to the basolateral membrane, with a small amount of apical expression, and that Claudin-7 localization is also basolateral (Fig 7: EEY) . These results indicate that EpCAM dimerization is not required for regulation of Claudin-7 protein levels or for Claudin-7 localization to the basolateral membrane.
MDCK endogenous EpCAM appears as a single protein band in EpCAM immunoblots (Figs 1A, 2A and 6C), however, EpCAM-YFP proteins EY and EIY appear as double bands, indicating that these proteins may be processed by a cellular protease (Fig 6C: EpCAM and YFP blots). Double bands of EpCAM have been observed before and can be caused by activity of the cellular protease matriptase [23] . The origin of the double bands in the MDCK cell lines expressing EpCAM-YFP proteins EY, EIY and EEY is unclear. Both EEY protein bands appear to be slightly larger in immunoblots than the larger of the two EY and EIY proteins which may be caused by introduction of two negatively charged amino acids.
The Claudin-7 interaction domain of EpCAM is required for regulation of ERK and epithelial migration
Expression of EpCAM-YFP "EY" or "EEY" rescues the increased ERK activation and increased migration in EpCAM-depleted "Esh" cells (Fig 8: Esh+EY and Esh+EEY compared to Esh for ERK activation in 8A and for migration in 8B). These results show that fusion of YFP to the intracellular C-terminus of EpCAM does not interfere with EpCAM's regulation of ERK and epithelial sheet migration. These results also indicate that EpCAM-dimerization is not required for these functions because EEY is mutated in the extracellular cis-dimerization domain [5] . Since EpCAM dimerization is likely required for homophilic trans-interaction of EpCAM on the cell surface [5] , EpCAM-mediated cell-cell adhesion may not be important for inhibition of ERK and epithelial migration. Please also note that work published during the review of our manuscript provides evidence that EpCAM is not mediating homophilic transinteraction and is likely not a homophilic cell adhesion protein [38] . EpCAM-depleted Esh2-derived cell lines expressing EY, EIY or EEY were plated at confluent density onto an IBIDI 4 well dish for one day and YFP fluorescence was imaged before well chambers were removed for a migration assay. YFP fluorescence localizes to cell-cell contacts in all three cell lines. Scale bars: 50 μm. (C) Indicated MDCK cell lines were cultured, extracted and protein levels were analyzed as described for Figs 1A, 2A and 5. EpCAM-YFP fusion proteins EY, EIY and EEY appear as double bands; MDCK-endogenous EpCAM (ME) is a single band. EEY appears slightly larger and is poorly recognized by the EpCAM extracellular domain antibody (top EpCAM blot). Expression of Claudin-7 is reduced in the parental Esh2 line (Esh) compared to MDCK and control shRNA line ctrl sh (Claudin-7 blot; see also Fig 5) . (D) Graphs show quantifications of indicated proteins normalized to GAPDH levels in the same sample. For EpCAM protein levels, residual MDCK-endogenous EpCAM (ME) and EpCAM-YFP protein double band levels (EY, EIY, EEY) were combined to show total EpCAM levels in the Esh2 lines expressing EY, EIY or EEY. Total EpCAM is~20x or~21x higher in Esh + EY and~64x or~68x higher in Esh + EIY compared to MDCK or ctrl sh cell lines. Please note that the EpCAM antibody was made against human EpCAM and may have different affinities for the endogenous canine EpCAM in MDCK and ctrl sh cell lines and the exogenous human EpCAM-YFP proteins, so these values are only approximations. Since EEY is poorly recognized by EpCAM antibody, expression levels of the three YFP fusion proteins are best compared in the YFP immunoblot (middle YFP blot). Claudin-7 immunoprecipitates (IP) of indicated MDCK cell lines were immunoblotted for EpCAM (top blot), YFP (middle blot) or Claudin-7 (bottom blot). ME in ctrl sh cells co-immunoprecipitates with Claudin-7 (top EpCAM blot) but ME is depleted in all Esh lines. EY in Esh+EY cells and EEY in Esh+EEY cells coimmunoprecipitate with Claudin-7 (top and middle blot for EY, middle blot for EEY). EEY is not recognized by EpCAM antibody in the EpCAM blot (E: top blot; see C, D) but by antibody to YFP (middle blot). EIY is mutated in the Claudin-7 interaction domain and does not co-immunoprecipitate with Claudin-7 from Esh +EIY cells (top and middle blot). Immunoglobulin heavy chain (Ig) from the Claudin-7 antibody used for the immunoprecipitation is recognized by secondary antibodies in the immunoblots. Immunoprecipitations were done twice and were repeated with an independent set of Esh lines showing the same results.
EpCAM mutant protein EIY does not rescue increased ERK activation or increased migration in EpCAM-depleted cells (Fig 8: Esh+EIY compared to Esh for ERK activation in 8A and for migration in 8B). The interaction domain for Claudin-7 in the transmembrane domain of EpCAM is defective in EIY and EIY does not bind to Claudin-7 (Fig 6E) . Since EIY rescues Claudin-7 levels and localization in EpCAM-depleted cells (Fig 6C and 6D) , these results In the Esh2 line, Claudin-7 does not distribute along the basolateral membrane. In the EY, EIY and EEY expressing lines Claudin-7 localizes along the basolateral membrane. In the Esh2 line, greater contrast was applied postprocessing to visualize the weaker Claudin-7 staining. In the EY, EIY and EEY the EpCAM-YFP fusion proteins localize along the basolateral membrane. Note, that Esh2 cells do not express any YFP-fusion protein and show no YFP-specific signal (see Fig 5C for anti-EpCAM staining of Esh2). Scale bar is 10μm.
indicate that rescue of Claudin-7 protein expression is insufficient for these functions but that EpCAM's Claudin-7 interaction domain is required.
Discussion
Our results show that loss of EpCAM raises the level of phospho-ERK, increases phosphomyosin in cortical F-actin, increases the number of phospho-myosin-rich leader cells, and speeds epithelial sheet migration. In contrast, elevating EpCAM levels in epithelial cells inhibits ERK and myosin activation, decreases the number of phospho-myosin-rich leader cells, and slows epithelial sheet migration. Importantly, the Claudin-7 interaction domain in the transmembrane region of EpCAM is required for regulation of ERK activity and epithelial sheet migration. In contrast, mutation of the extracellular domain of EpCAM that is required for cis-dimerization does not affect EpCAM's regulation of ERK or sheet migration. Interestingly, disruption of EpCAM and Claudin-7 binding does not affect the levels or localization of Claudin-7, although loss of EpCAM depletes Claudin-7.
We propose a model where EpCAM/Claudin-7 complexes at cell-cell contacts provide a negative regulatory mechanism inhibiting actomyosin contractility, thereby inhibiting cell spreading and migration in response to migratory signals (Fig 9A) . Direct EpCAM/Claudin-7 complexes at cell-cell junctions inhibit ERK phosphorylation and in turn actomyosin contractility in cortical F-actin and, finally, inhibit cell spreading and migration in response to Regulation of epithelial migration by EpCAM requires its Claudin-7 interaction domain migratory signals (Fig 9B) . Conversely, in epithelial sheets with reduced levels of EpCAM, increased actomyosin contractility in cortical F-actin may help to disrupt cortical F-actin bundles and ease the protrusion of membrane into the gap resulting in extensive lamellipodia and an increased number of phospho-myosin-rich leader cells (Fig 9C) . Throughout this study, we have used an immortalized epithelial cell line, MDCK type II cells which forms polarized cell monolayers with well-established epithelial junctions in vitro [39] . In the following we will compare our results on EpCAM function in MDCK epithelial cells with results obtained in embryos in vivo or with results obtained with different cancer cell lines.
Regulation of Claudin-7 by EpCAM
Loss of EpCAM in mice has been reported to cause loss of Claudin-7 protein from intestinal epithelium but not of Claudin-7 mRNA. This indicates that EpCAM regulates Claudin-7 post transcription [8] . Furthermore, EpCAM has been reported to protect Claudin-7 from endocytosis and degradation in lysosomes [6, [22] [23] [24] . These results indicate that EpCAM regulates Claudin-7 levels by stabilizing it at the cell surface and that direct interaction between these proteins is required for Claudin-7 stabilization [6, 8, [22] [23] [24] . Accordingly, our results show that depletion of EpCAM causes a strong decrease of Claudin-7 protein levels in MDCK cells and loss of Claudin-7 can be rescued by expressing EpCA-M-YFP. Unexpectedly, we also found that an EpCAM-YFP protein mutated in the Claudin-7 interaction domain rescued Claudin-7 levels and localization in EpCAM-depleted MDCK cells. This indicates that direct interaction of EpCAM with Claudin-7 through this domain is not required to regulate Claudin-7 protein levels and localization, and that there may be other mechanisms by which EpCAM regulates Claudin-7 protein expression in epithelial cells.
The EpCAM/Claudin-7 complex as a regulator of ERK
Our results indicate that direct interaction of EpCAM with Claudin-7 is required to inhibit ERK activation and epithelial migration in MDCK cells. These results are supported by findings that EpCAM negatively regulates ERK activation during Xenopus laevis embryogenesis [13] . EpCAM also negatively regulates ERK activation and epithelial migration in a variety of mammalian epithelial cell lines [27] . 
Regulation of epithelial migration by EpCAM requires its Claudin-7 interaction domain
Independent of EpCAM, it has been shown previously that Claudin-7 negatively regulates ERK activation and migration when expressed in a human lung carcinoma cell line [40] . In contrast to ours and these other previously published results, co-expression of EpCAM and Claudin-7 in human embryonic kidney (HEK) cells and in rat pancreatic adenocarcinoma (AS) cells increases ERK activity and cell migration [6] . Further experiments are needed to evaluate these differences of EpCAM function in embryos and in cancerous versus noncancerous mammalian cell lines. It has been shown that EpCAM regulates cell differentiation during embryonic development and this function depends on cell-type and/or tissue specific activity of signaling pathways, such as Wnt signaling [12, 14] . These pathways may not be active in differentiated epithelial cells but are reactivated in many cancers [41] . Therefore, it is important to analyze EpCAM function in the context of its cellular environment.
ERK as a regulator of actomyosin contractility and cell migration
ERK has been shown previously to activate myosin light chain kinase and to increase phospho-myosin levels and actomyosin contractility [13, 33] . Accordingly, we observed reduced phospho-myosin levels along cortical F-actin in MDCK cells with increased EpCAM and decreased ERK activation. Conversely, loss of EpCAM has been associated with increased phospho-myosin levels and increased actomyosin contractility [11, 13] and consistent with these previous published results we found that phospho-myosin was enriched in cortical Factin and especially in multicellular junctions between EpCAM-depleted MDCK cells. Increased phospho-myosin in cortical F-actin leads to destabilization of cell-cell adhesion and reduced levels of C-cadherin in the ectoderm of X. laevis embryos [13] . In low density cultures of EpCAM-depleted MDCK cells gaps were present between cells at some of these phosphomyosin-rich multicellular junctions, which may have been caused by loss of cell-cell adhesion due to increased actomyosin contractility in these areas [42] .
In summary, our results suggest a pathway in which EpCAM/Claudin-7 complexes at the cell surface negatively regulate ERK-mediated myosin phosphorylation and actomyosin contractility, thereby slowing epithelial sheet migration (Fig 9) . These results give new insight into the mechanism by which abnormal EpCAM expression can cause disease. For example, EpCAM mutations can cause congenital tufting enteropathy (CTE), in which abnormal actomyosin contractility at tricellular junctions causes extension of the apical domain and pathological tuft formation of the intestinal epithelium [11] . Our results show that the interaction domain of EpCAM with Claudin-7 is important to maintain normal epithelial morphology by regulating actomyosin contractility at junctions. Ultimately, insight into EpCAM's protein interactions can drive a deeper understanding of EpCAM in various contexts ranging from diseases such as CTE and cancer to developmental processes.
Material and methods
Cell lines
Growth conditions for Madin-Darby canine kidney (MDCK) type II/G cells have been described previously [43] . MDCK cells have been transfected with DNA constructs using lipofectamine 3000 reagent as described by the manufacturer (Gibco BRL, Gaithersburg, MD). One day after transfection cells were selected three days with 1mg/ml G418 or with 10 μg/ml puromycin. Subsequently, cells were cultivated in 300μg/ml G418 or 3μg/ml puromycin, respectively. Two to three weeks after transfection, G418-resistant cells expressing human EpCAM were stained with anti-CD326 (EpCAM)-PE (MACS Miltenyi Biotec Inc., Auburn, CA) as described by the manufacturer and single cells were sorted into 96 wells by fluorescence-activated cell sorting (Stanford Shared FACS Facility, Stanford University, Stanford, CA).
Puromycin-resistant control and EpCAM shRNA expressing cells were sorted for co-expression of Cherry fluorescent protein from expression vector psi-mU6 (GeneCopoeia, MD; CS-SH134T-mU6-01). Stable MDCK cell lines either overexpressing EpCAM or depleted of EpCAM were established by screening clonal lines for EpCAM levels by immunoblotting with anti-EpCAM antibody UMAB131 (OriGene Technologies, Inc., Rockville, MD). EpCAMdepleted MDCK line Esh2 was transfected with expression vectors for EY (EpCAM-YFP), EIY (EpCAM-YFP defective for Claudin-7 binding), or EEY (EpCAM-YFP mutated in matriptase cleavage and dimerization domain). Expressing cells were initially selected with 500 μg/ml G418 and 3 μg/ml Puromycin and subsequently cultivated in 200 μg/ml G418 and 2 μg/ml Puromycin and sorted by FACS for expression of Cherry and Yellow fluorescent proteins as described above (Stanford Shared FACS Facility, Stanford University, Stanford, CA). All lines were cultured at least 24 hours in the absence of antibiotics before experiments were performed.
DNA constructs
For the generation of MDCK cell lines MhE16 and MhE33 overexpressing EpCAM, EpCAM expression vector SC322331 was obtained from OriGene Technologies, MD. The human EpCAM cDNA insert (NCBI accession no. NM_002354) in expression vector pCMV6-AC was confirmed by sequencing (Sequetech Corporation, CA).
To design shRNA vectors specific for the depletion of MDCK EpCAM mRNA, total RNA was extracted from MDCK cells and fragments of EpCAM mRNA were amplified by RT-PCR. Forward primers TTGGTGCACAAAATTCTGTCATTTGCTCAAAACTGGC; GCGAATGTACT TCAATTGGTGCACAAAATTCTGTCATTTGCTC; CTGGCAACCAAATGTTTGGTTATGAAGG CAGAAATGACCGGC; GTGCTGGTGTGTGAACACTGCTGGGGTCCGAAGAAC and reverse primer TGCATTGAGTTCCCTATGCATCTCACCCATCTC were designed using the sequence of predicted Canis lupus familiaris EpCAM mRNA (NCBI accession no. XM_005626238.1). Independent RT-PCR products derived from MDCK RNA were sequenced. These MDCKderived sequences were identical with the predicted Canis lupus familiaris EpCAM mRNA and used to design the following shRNA vectors: EpCAM shRNA 1: ACCA-CAAACTGCTCTTTG AAC; EpCAM shRNA 2: GACGAATCCTTGTTCCATTCC in psi-mU6 (GeneCopoeia, MD; CS-SH134T-mU6-01). EpCAM shRNA vectors were used to generate MDCK lines Esh1 and Esh2, respectively by FACS sorting for co-expression of Cherry as described above. The GeneCopoeia shRNA scrambled control in psi-mU6 was used to establish the MDCK line ctrl sh (GeneCopoeia, MD; CSHCTR001-mU6).
For the rescue of EpCAM function in EpCAM-depleted MDCK line Esh2 the following vectors were constructed by Epoch Life Science Inc., TX: the cDNA sequence for enhanced Yellow Fluorescent Protein (modified from pEYFP, Clontech, CA) was fused to the 3' end of the cDNA sequence for human EpCAM in vector pCMV6-AC (OriGene Technologies, MD, product SC322331) to obtain the EpCAM-YFP expression vector for EY. To generate the expression vector for EEY, two single nucleotide exchanges were introduced in the EY vector into the arginine codons for R80 and R81 (human EpCAM cDNA, NCBI accession no. NM_002354) to change them into codons for glutamates E80 and E81, respectively. To generate the expression vector for EIY, two single nucleotide exchanges were introduced into the codons for alanine A278 and glycine G282 (human EpCAM cDNA, NCBI accession no. NM_002354) to change them into codons for isoleucines I278 and I282, respectively. EpCAM cDNA inserts in these expression vectors were confirmed by sequencing (Sequetech Corporation, CA). Canine-specific EpCAM shRNA 2 has four mismatches to the corresponding sequence in human EpCAM cDNA and does not inhibit expression of these human EpCAM-YFP proteins in MDCK line Esh2.
Time lapse microscopy of epithelial sheet migration
For epithelial sheet migration assays in Figs 1, 2 and 8 , cell lines were plated at confluent density (5x10 4 cells per well). MDCK and EpCAM-overexpressing MhE16 cells, or ctrl sh cells and EpCAM-depleted Esh2 cells were plated into one of each well on the same IBIDI dish with 2 or 4-well culture inserts (Thermo Fisher Scientific, MA). Wells were removed after 24 hours, medium was exchanged with phenol-red-free DMEM, 10% FBS, 25 mM HEPES pH 7 and dishes were immediately set up for multi-site imaging of 12 to 24 sites along the edge of epithelial sheets. Removal of chamber walls introduced a gap of 500 μm width between epithelial sheets and induced migration of epithelial sheets into these gaps. The images in Figs 1C, 2C and 8B show the full width of the gap and the edges of epithelial sheets at both sites of the gap. For each experiment images were taken along the full length of all 500 μm gaps between epithelial sheets. In Figs 1C, 2C and 8B the "0 hour" time point of migration corresponds to the first image of the time lapse which was taken 30 min after removal of chamber walls. Migration into the gap was imaged overnight at 10 minute intervals. All migration assays were performed with a customized Zeiss Observer.Z1 inverted microscope controlled by Marianas Slidebook 6 software (Intelligent Imaging Innovations, 3I, CO) using a Zeiss Plan Apochromat Phase-1 10x/0.25 objective in a temperature-and CO 2 -controlled incubator and images were collected with a Hamamatsu Orca C9100 EM-CCD. Quantification of sheet migration was performed using ImageJ macros. First, the images of the sheets were converted into binary images using the following sequence of ImageJ commands: Find Edges, Subtract Background, Enhance Local Contrast (CLAHE), Threshold (Default), Fill Holes, Dilate, Close, Dilate. The binary images were used to measure the area covered by each sheet in each frame. The area migrated at each time-point was calculated by subtracting the area covered in the first frame from the area covered in the current frame. For each experiment, the monolayer boundary was captured using 11-12 images, and the average of the 12 sites for each line was taken as a single data point for analysis since the cells for a given experiment are highly correlated in their migration with their neighbors. Nine experiments were carried out for the MDCK line, four for the ctrl sh, four for the Esh1, three for the Esh2, four for the MhE16, five for the MhE33, six for the Esh+EY, five for the Esh+EIY, and six for the Esh+EEY. Significance was calculated using an unpaired Student's t-test.
Cell surface area measurement
For phase images in Figs 1B and 2B, cells were grown at low density without antibiotics for two days on collagen-coated coverslips. These cells were then incubated with 1:1000 Hoechst 33342 (AnaSpec Inc., CA) for 30 minutes. The media was exchanged for imaging media and imaged on a Leica DMI6000B inverted microscope with a Leica PH1 Semi-Apochromat 10x/ 0.3 objective, and a QImaging Retiga 2000R CCD camera. Images were taken of each line using both phase-contrast, and blue fluorescence (Leica A4 filter cube), with multiple colonies in each image. To quantify the area per cell, the phase-contrast and blue fluorescence images were converted to binary images using custom automated ImageJ macros. The phase contrast images were binarized using the following ImageJ commands: Subtract Background, Enhance Local Contrast (CLAHE), Kuwahara Filter, Threshold (Huang), Fill Holes, Dilate, Close, Fill Holes, Erode, Gaussian Blur. Only colonies that were not touching the edge of the field-ofview were analyzed. The thresholded colonies were then used to crop the nuclei images, which were then binarized using the following ImageJ commands: Subtract Background, Enhance Local Contrast (CLAHE), Gaussian Blur, Threshold (Default), Watershed. Cell area per nuclei was calculated by dividing the area of the colony mask by the number of nuclei within the colony mask. The data was then manually checked for errors in detection of colonies or nuclei. 90 MDCK, 88 ctrl sh, 104 Esh1, 58 Esh2, 268 MhE16 and 284 MhE33 small colonies of 5 to 200 cells were analyzed. Significance was calculated using a two-tailed Mann Whitney U-test.
Immunoprecipitation
Immunoprecipitation of Claudin-7 protein complexes were done as described previously for other protein complexes [44] with the following variations: MDCK cells were plated at confluent density on Falcon cell culture inserts (Thermo Fisher Scientific, MA), after one day washed in 10 mM Tris-HCl pH7, 140 mM NaCl and extracted in cold lysis buffer: 10 mM Tris-HCl, pH 7, 140 mM NaCl, 300 mM sucrose, 0.5% Triton-X-100, cOmplete EDTA-free protease inhibitor cocktail and PhosSTOP phosphatase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Cell lysates were precleared with Protein A-conjugated Sepharose-4B (Sigma) and incubated 16 hours at 4˚C with rabbit anti-Claudin-7 antibody (Thermo Fisher Scientific, MA). Protein A-conjugated Sepharose-4B was added to lysates for one hour, protein A-bound antibody/protein complexes were precipitated by centrifugation. Immunoprecipitates were washed three times with 30x volume lysis buffer at 4˚C, boiled 5 min. at 100˚C in Laemmli SDS sample buffer and immunoblotted as described below.
Immunoblotting and quantitation of protein levels
SDS PAGE and western blotting was done as described previously [43] with the following variation: protein samples were separated in 4-20% Mini-Protean precast protein gels (Bio-Rad, CA). The following antibodies and dilutions were used dilution 1:500: mouse monoclonal anti-EpCAM antibody UMAB131 (OriGene Technology, MD); mouse anti-ERK and rabbit anti-phospho-ERK (Cell Signaling Technology, MA); rabbit anti-Claudin-7 34-9100, antiClaudin-1 51-9000, and anti-Claudin-3 34-1700 (Thermo Fisher Scientific, MA); mouse anti-GFP (Roche Diagnostics GmbH, Mannheim, Germany); rabbit E-cadherin 24E10 (Cell Signaling Technology, MA) and mouse anti-GAPDH at 1:1000 (Abcam, MA). Secondary goat antibodies against rabbit or mouse IgG with minimal cross-reactivity were coupled to either IRDye 680LT (LI-COR Biotechnology, Lincoln, NE) or Alexa Fluor 680 (Thermo Fisher Scientific, MA) and used at a dilution of 1:10,000. Immunoblots were scanned at 680 nm and 800 nm using an Odyssey infrared imaging system (Li-COR Biotechnology, Lincoln, NE) and quantified with Odyssey software (LI-COR Biotechnology, Lincoln, NE). To quantify ERK phosphorylation, the intensity of the pERK protein bands was normalized to the total ERK intensity detected independently in the same sample in the same lane (Figs 3, 8 and S1 ). To obtain normalization factors for the total ERK signals, one of the lanes with MDCK sample was designated as having 1x ERK level and total ERK levels in the other samples of the same immunoblot were calculated in comparison to this MDCK sample. Phospho-ERK levels were calculated by dividing the pERK signal in each lane by the ERK normalization factor obtained for the same lane. Therefore, the pERK values shown in the graphs in Figs 3, 8 and S1 correspond to the pERK/ERK ratios of each sample. This analysis corrects for differences in total ERK levels between samples and allows to compare pERK/ERK ratios between cell lines, but it will not allow to measure differences in total ERK levels between cell lines. To quantify the protein levels of total ERK (S1A " Fig), EpCAM (Figs 1, 2 and 6 ), Claudin-7 ( Figs 5 and 6 ), Claudins -1 and 3 (S5 Fig), and E-cadherin (S6 Fig), the intensity of the bands was normalized to GAPDH protein levels in the same sample. Significance was calculated using unpaired Student's t test.
Cell fixation, antibodies and fluorescence imaging
For widefield fluorescence images in Fig 4A and 
Phospho-myosin/F-actin and leader cell quantitation
For Fig 4C, the ratios of phospho-myosin to F-actin shown in Fig 4A and 4B were measured by dividing the mean phospho-myosin intensity by the mean F-actin intensity within a region of interest defined by the cortical F-actin. The regions of interest were generated using the Factin channel and the following sequence of ImageJ commands: Background Subtraction, Threshold (Moments), and Despeckle. The ROIs were then used to mask the phospho-myosin and F-actin channels respectively. The mean value of the masked images was then calculated using built-in ImageJ commands, and exported as a csv for further processing. The phosphomyosin to F-actin ratio was calculated as the ratio of the mean value of the two channels. A random region corresponding to an area with no cells was used to subtract the background fluorescence in each channel. At least 30 independent images per cell line were analyzed. Significance was calculated with a two-tailed Mann Whitney U-test. For the graph in Fig 4E, the total number of leader cells along the edge of epithelial sheets originating from each well at 6 hours of migration was manually quantified. To determine if a cell was a leader cell we looked for the following conditions: presence of lamellipodial protrusions, a break in cortical actin cable, and a greater displacement towards the open wound area relative to neighboring cells. The entire perimeter of the monolayer was considered for the counts. Four independent monolayers for each cell line were quantified. Significance was calculated using an unpaired Student's t-test.
To measure the percent edge of the sheet with lamellipodium in Fig 4F, for each edge roughly 20 images of the monolayer boundary were taken in the phalloidin channel using a 20x objective and a custom Matlab script. The tiled images were stitched together using an ImageJ Grid/Collection Stitching plugin [46] . To measure the total length of the leading edge the images were thresholded, the total perimeter of the edge was measured using the ImageJ wand tool, and the line segments corresponding to the image boundaries were manually traced and subtracted from the total perimeter. To measure the total length with lamellipodia, the regions of the edge with lamellipodia were manually traced. Finally, the % edge lamellipodia was calculated as the total length of lamellipodia divided by the total length of the leading edge. Four independent monolayer boundaries from different dishes for each cell line were quantified. Significance was calculated using an unpaired Student's t-test. 
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